Preeclampsia is a disorder that affects about 5--8% of pregnant American women \[[@b1-ehp-119-886]\]. It is diagnosed by the onset of hypertension and proteinuria in mid-pregnancy and is characterized by systemic endothelial dysfunction, vasoconstriction, and reduced organ perfusion ([@b27-ehp-119-886]). It is a major cause of intrauterine growth restriction, low birth weight, and maternal death ([@b1-ehp-119-886]; [@b27-ehp-119-886]). Preeclampsia shares many risk factors with cardiovascular disease and is itself a risk factor for future cardiovascular morbidity and mortality ([@b16-ehp-119-886]; [@b23-ehp-119-886]). It can also lead to preterm delivery, a cause of infant mortality, and numerous adverse outcomes, including acute respiratory, gastrointestinal, and immunologic problems and longer-term motor, cognitive, and growth problems ([@b14-ehp-119-886]). The strength of association between preeclampsia and preterm delivery differs according to such characteristics as gestational age at preterm delivery and the timing of membrane rupture in relation to onset of labor ([@b2-ehp-119-886]). Preterm deliveries occurred in 12.3% of U.S. live births in 2008, an increase of approximately 20% since 1990 ([@b10-ehp-119-886]).

Ambient air pollutants have been shown to elevate risks of cardiovascular and respiratory diseases ([@b5-ehp-119-886]; [@b9-ehp-119-886]). They may also increase the risks of preeclampsia and preterm delivery via several pathways, including placental and fetal hypoxia, inflammation, and oxidative stress ([@b17-ehp-119-886]; [@b27-ehp-119-886]). Several investigations have shown mixed evidence of associations between preterm delivery and ambient air pollutant exposures typical of U.S. cities ([@b4-ehp-119-886]; [@b8-ehp-119-886]; [@b19-ehp-119-886]; [@b24-ehp-119-886]; [@b26-ehp-119-886]; [@b39-ehp-119-886]; [@b41-ehp-119-886]; [@b42-ehp-119-886]). Preeclampsia has also been associated with air pollution, although it has been studied less often than preterm delivery ([@b29-ehp-119-886]; [@b40-ehp-119-886]; [@b41-ehp-119-886]).

We aimed to examine exposures to two ambient air pollutants before and during pregnancy in relation to risks of preeclampsia and preterm delivery. We developed exposure models to predict individual exposures to ambient carbon monoxide (CO) and fine particulate matter \[≤ 2.5 μm in aerodynamic diameter (PM~2.5~)\]. We used data from a well-characterized cohort of pregnant women living in the Puget Sound airshed during a time of fairly stable PM~2.5~ concentrations and substantial CO decline \[[@b25-ehp-119-886]\]. At the International Conference on Environmental Epidemiology and Exposure in 2006, we presented results of an analysis of air pollutant exposures and preeclampsia risk in the subset of participants who enrolled between 1996 and 2002 ([@b29-ehp-119-886]). In the present analysis, we report preeclampsia findings based on the full cohort and also examine preterm delivery.

Methods
=======

Study population
----------------

We conducted a prospective analysis using data from the Omega Study, a pregnancy cohort study previously described in detail ([@b6-ehp-119-886]). Participants were women attending prenatal care clinics affiliated with Swedish Medical Center in Seattle and Tacoma General Hospital in Tacoma, Washington. Eligible women initiated prenatal care before 20 weeks of gestation. Women were ineligible if they were \< 18 years of age, were non-English speakers, or did not plan to deliver at either hospital. Participants completed an interviewer-administered questionnaire soon after enrollment (mean ± SD gestational age, 15.9 ± 4.8 weeks). This questionnaire was used to collect information on sociodemographic, anthropometric, behavioral, medical, and reproductive characteristics. After delivery, study personnel abstracted information on the pregnancy course and outcome from medical records. Study procedures were approved by the institutional review boards of both hospitals. All participants provided written informed consent.

We used data from women recruited between 1996 and 2006. During this period, 4,000 (79%) of 5,063 invited women enrolled in the study. Of these, 79 experienced early pregnancy losses, 68 moved or delivered elsewhere, and 169 were lost to follow-up due to unknown delivery outcome or a missing medical record. Of the 3,675 women who completed the study, we included 3,509 (95%) in this analysis. We excluded 145 participants for whom we were unable to accurately assess exposures: 121 had nongeocodable residential addresses, and 24 lived outside the study area of King, Kitsap, Pierce, and Snohomish counties. These participants were less likely, on average, to be nulliparous than women who remained in the analytic sample (51% vs. 60%) but were otherwise similar. We also excluded 21 additional women who were missing information on one or more covariates chosen *a priori* for final models, as described below. Distributions of air pollutant exposures did not substantially differ between women with missing and nonmissing covariate information.

Air pollutant exposure estimation
---------------------------------

We predicted monthly ambient CO and PM~2.5~ exposures using two multivariable linear regression models that included terms for environmental characteristics, month, and year. We did not examine other criteria pollutants (ozone, nitrogen oxides, sulfur dioxide, and lead) because there were too few monitoring sites to construct exposure models ([@b25-ehp-119-886]). The CO model has been previously described in detail ([@b31-ehp-119-886]). Our models were constructed using CO and PM~2.5~ measurements collected daily between 1996 and 2006 at monitoring sites administered by the PSCAA. The sites were located by the PSCAA using U.S. Environmental Protection Agency (EPA) criteria to ensure a consistent and representative measure of air quality ([@b25-ehp-119-886]). We collapsed daily measurements into monthly average concentrations, resulting in 890 CO concentrations from 15 sites and 803 PM~2.5~ concentrations from 12 sites. For more site characteristics and a map of monitoring sites and participants' residences, see Supplemental Material, Table 1, Figure 1 (doi:10.1289/ehp.1002947).

Air pollutant predictor variables
---------------------------------

We evaluated several characteristics as potential predictors of monthly average pollutant concentrations at the monitoring sites. We mapped and measured characteristics at each site using ArcMap (version 9.2; ESRI, Redlands, CA). We used 2001 traffic count data from the Washington Department of Transportation to estimate annual average traffic volume on the nearest major road (federal or state highway) within circular buffers with radii of 250 and 500 m ([@b37-ehp-119-886]). We also measured distance to the nearest major road. We used Census 2000 TIGER line files to estimate street density (kilometers per square kilometer) within 100-, 250-, 500-, and 1,000-m buffers ([@b35-ehp-119-886]). As has been done in previous literature, we chose *a priori* several buffer sizes to allow examination of multiple spatial scales (e.g., [@b3-ehp-119-886], [@b4-ehp-119-886]; [@b15-ehp-119-886]). We used Census 2000 measures of population density (persons per square kilometer) and housing density (housing units per square kilometer) within each site's census block group ([@b35-ehp-119-886]). We used monthly averages of daily high and low temperatures and precipitation collected at 31 weather stations ([@b38-ehp-119-886]). We used measurements at the nearest weather station; the average distance between each monitoring site and the nearest station was 6.8 km (range, 0.7--32 km). We used year and month terms to capture secular and seasonal variations in air pollutant concentrations.

Model fitting procedures
------------------------

Using a stepwise procedure previously described in detail ([@b31-ehp-119-886]), we fit multivariable linear regression models to quantify the relationship between each environmental characteristic and monthly average CO and PM~2.5~ concentrations. After determining the final exposure models, we measured the same environmental characteristics at each participant's geocoded residential address reported during the interview. We used model coefficients and these measurements to predict participants' monthly air pollutant exposures. We predicted exposures within each calendar month of pregnancy after approximating both the conception and delivery dates to the nearest calendar month, by assigning days 1--15 to the current month and rounding days 16--31 to the next month. We measured date of conception using maternal report of the date of the last menstrual period (LMP) and ultrasound at ≤ 20 weeks of gestation. LMP and ultrasound information were gathered by interview and medical record abstraction, respectively. If both LMP and ultrasound-based dates agreed within 14 days, we used the former. Among 4% of participants with dates differing by \> 14 days, we used the ultrasound-based date.

The CO model included terms for year and month (indicators), street density within 500 m (quartile-based indicators), distance to the nearest major road (\< 100, 101--1,000, \> 1,000 m), and census tract population density (continuous). We previously reported that the model explained 73% of variation in CO concentrations ([@b31-ehp-119-886]). The root mean square error was 0.22 ppm (10% of the range of observed concentrations). The split-sample *R*^2^ was 0.71. CO concentrations were highest in winter, in the earliest years of the study, and in densely populated areas and were inversely related to the distance to the nearest major road. Concentrations were highest in areas with third-quartile street density.

The PM~2.5~ model included terms for year and month (indicators), street density within 250 m (tertile-based indicators), distance to the nearest major road (dichotomized at 2,000 m), and monthly averages of daily high temperatures and precipitation (quartile-based indicators). The model explained 47% of variance in regional PM~2.5~ concentrations. The split-sample *R*^2^ was 0.41, and the root mean square error was 2.5 μg/m^3^ (10% of the range). PM~2.5~ concentrations were highest in winter and in months with higher average temperature or precipitation; they were somewhat higher in earlier years but remained stable from 2003 onward. PM~2.5~ concentrations were inversely related to the distance to the nearest major road and, unexpectedly, to street density.

Exposure estimation
-------------------

For this analysis we defined *a priori* four exposure windows for each outcome of interest. For preeclampsia, exposure windows were periconceptional (the 7 months surrounding the month of conception), preconceptional (the average of the monthly concentrations in 3 months before pregnancy), postconceptional (the first 4 months of pregnancy, before preeclampsia can be diagnosed), and the peak monthly concentration in the 7-month periconceptional period (the month with the highest average concentration within that period). These windows were chosen to preclude exposures that may have occurred after diagnosis and to allow us to separately examine preconceptional exposures, which we hypothesized could increase maternal systemic oxidative stress or inflammation, and postconceptional exposures, which could adversely affect placentation ([@b5-ehp-119-886]; [@b27-ehp-119-886]). We chose a 7-month periconceptional window in order to have a roughly symmetric exposure period surrounding conception and to avoid exposures that could potentially occur after diagnosis. For preterm delivery, we examined average exposures within the first and second trimesters, the last 3 months of pregnancy, and the month of delivery. These windows were chosen to provide as direct comparisons as possible with the prior literature ([@b4-ehp-119-886]; [@b19-ehp-119-886]; [@b24-ehp-119-886]; [@b26-ehp-119-886]). The first- and second-trimester exposure windows were calculated based on the month of conception (months 1--3 and 4--6, respectively). The window based on the last 3 months of pregnancy was calculated by counting back from and including the month of delivery. A woman who conceived in April 1997 and delivered in December 1997 would have the following exposure windows: preconceptional, January--March; postconceptional, April--July; periconceptional, January--July; first trimester, April--June; second trimester, July--September; and third trimester, October--December 1997.

Outcome measurements
--------------------

We defined preeclampsia according to ACOG criteria using data obtained from medical records. The criteria are sustained pregnancy-induced hypertension (≥ 140/90 mmHg) and proteinuria (urine protein concentrations of 30 mg/dL or 1+ on two or more urine dipsticks) ([@b1-ehp-119-886]). We defined preterm delivery as a pregnancy lasting \< 37 completed weeks of gestation. In secondary analyses, we examined length of gestation measured in days as an outcome, using the same exposure windows as in our preterm delivery analyses.

Statistical analysis
--------------------

We used multivariable logistic regression to model the relationships \[odds ratios (ORs) and 95% confidence intervals (CIs)\] between each pregnancy outcome and air pollutant exposure. Our alpha (type 1 error) level was 0.05. We used linear regression for models of length of gestation. For our primary analyses, we categorized air pollutant concentrations according to distribution quartiles. We also modeled air pollutant concentrations as continuous exposures. For these analyses, we report ORs associated with a 0.1-ppm increase in CO and a 0.5-μg/m^3^ increase in PM~2.5~. These gradients are roughly equivalent to the increments between deciles for both pollutants.

We evaluated the following characteristics, reported in interviews, as potential confounders: maternal age, nulliparity (no prior live births), prepregnancy body mass index (BMI), race/ethnicity, education, employment in early pregnancy, marital status, household income, smoking before and during pregnancy, usual hours/week of secondhand smoke exposure in and outside of the home in the year before pregnancy, regular recreational physical activity before and during pregnancy, and histories of asthma, diabetes, and chronic hypertension. We also evaluated year and month of conception as confounders because of temporal changes in both pollutant concentrations and preeclampsia risk ([@b25-ehp-119-886]; [@b28-ehp-119-886]). *A priori*, we chose to include maternal age, race/ethnicity, prepregnancy BMI, and nulliparity as covariates because of their confounding effects in previous analyses of Omega Study data. Season and year were also included in multivariable models because of their influence on preeclampsia ORs. We found no evidence of confounding by other covariates using a 10% difference in magnitude between crude and adjusted ORs as the criterion for confounding. We found no evidence of poor model fit or influential observations after performing the following regression diagnostics: the Hosmer--Lemeshow test, comparison of observed and predicted outcomes within exposure and covariate strata, examination of Pearson and deviance residual plots, and examination of leverage plots ([@b12-ehp-119-886]).

We conducted several stratified analyses to evaluate the possibility of interaction by characteristics chosen *a priori* because of their strong relationships with either the outcomes or exposures. We stratified participants according to maternal age (\< 35 or ≥ 35 years), parity (no vs. any prior live births), prepregnancy BMI (\< 25 or ≥ 25 kg/m^2^), ever smoking or secondhand smoke exposure (neither vs. either), and employment in early pregnancy (used as a surrogate for time spent at home). We evaluated interaction by comparing ORs across strata; we defined interaction as a difference of \> 20% in the magnitude of at least two of four category ORs. We also fitted models after excluding women with self-reported or medical record--indicated histories of prepregnancy diabetes or hypertension.

Finally, we conducted sensitivity analyses to examine the impact of extrapolation of the environmental characteristic predictors used in the air pollutant exposure models. For both CO and PM~2.5~, we classified women according to whether one or more values of the environmental characteristics used in the exposure estimation model were out of the range of values observed at the monitoring sites. For example, although the distance from each CO monitoring site to the nearest major road ranged from 0.2 to 1.3 km, the range of values at Omega participants' addresses was much broader (0.01--92 km). Furthermore, a small proportion of women (≤ 4% for each exposure window) had one or more CO exposure estimates outside the range of the concentrations observed in the region. All predicted PM~2.5~ exposures fell within the range of observed concentrations. We hypothesized that our exposure estimates might be less accurate for women with one or more extrapolated values and that this inaccuracy might bias our estimates of association toward the null.

Results
=======

Median \[interquartile range (IQR)\] CO and PM~2.5~ concentrations observed at monitoring sites during the study period were 1.08 (0.80--1.38) ppm and 10.0 (8.3--12.4) μg/m^3^, respectively \[Supplemental Material, Table 1 (doi:10.1289/ehp.1002947)\]. Among study participants, median (IQR) predicted CO and PM~2.5~ exposures in the periconceptional period were 0.80 (0.59--1.02) ppm and 10.1 (8.7--11.4) μg/m^3^, respectively. By design, peak CO and PM~2.5~ exposures were higher \[median (IQR): peak CO, 1.05 (0.85--1.27) ppm; peak PM~2.5~, 14.2 (12.6--15.1) μg/m^3^\]. Distributions in the other six windows were similar to those in the periconceptional window: median CO concentrations ranged from 0.79 to 0.80 ppm, and median PM~2.5~ concentrations ranged from 9.5 to 12.6 μg/m^3^. The difference between distributions of observed CO concentrations and participants' predicted exposures was due primarily to the fact that CO monitoring was more pervasive in the earlier years of the study ([@b25-ehp-119-886]). CO and PM~2.5~ exposures were moderately correlated: Pairwise correlation coefficients ranged from 0.25 to 0.45 within exposure windows.

[Table 1](#t1-ehp-119-886){ref-type="table"} shows distributions of selected participants' characteristics and periconceptional CO and PM~2.5~ distributions within categories of those characteristics. Distributions for other exposure windows were similar. Participants were predominantly white, married, well educated, and nonsmokers. Predicted CO exposures were inversely associated with age, educational attainment, and household income and were higher among black or Hispanic women than among white women, unmarried women, and those who reported smoking or secondhand smoke exposure. Predicted CO exposures also declined sharply over the study period and were highest in women conceiving in winter. Although predicted PM~2.5~ exposures were generally less strongly related to maternal characteristics, they were also highest among black women, women with lower educational attainment or income, and those who conceived in winter.

A total of 117 women (3.3%) developed preeclampsia. [Table 2](#t2-ehp-119-886){ref-type="table"} shows unadjusted and adjusted associations between periconceptional air pollutant exposures and preeclampsia. Because adjustment for year of conception strongly influenced the estimated associations, we show adjusted models without (model 2) and with (model 3) inclusion of year as a covariate. Fourth-quartile periconceptional CO concentrations were significantly associated with preeclampsia after adjustment for maternal characteristics and season of conception (fourth vs. first quartile: OR = 2.08; 95% CI, 1.16--3.72). However, this association became nonsignificant and inverted after further adjustment for year of conception (OR = 0.75; 95% CI, 0.42--1.64). Similarly, although each 0.1-ppm increase in CO was significantly associated with preeclampsia after adjustment for maternal characteristics and season of conception (OR = 1.07; 95% CI, 1.02--1.13), the association disappeared after further adjustment for year of conception (OR = 0.98; 95% CI, 0.91--1.06). The association between preeclampsia and periconceptional PM~2.5~ exposure was nonsignificant and weaker than for CO (fourth vs. first quartile OR, adjusted for maternal characteristics and season of conception, 1.63; 95% CI, 0.79--3.38). This association weakened somewhat after further adjustment for year of conception (OR = 1.41; 95% CI, 0.63--3.18). Unadjusted and adjusted associations with CO and PM~2.5~ in the preconceptional and postconceptional windows and the periconceptional month of peak exposure were similar to those in the periconceptional window (data not shown; tables of these and other secondary analyses are available from the authors upon request). For example, in models of each of these exposure windows, unadjusted for year of conception, ORs for each 0.1-ppm CO increase were all 1.07.

The incidence of preterm delivery was 10.5% (369 cases). Predicted air pollutant exposures in the last 3 months of pregnancy were not strongly or significantly associated with preterm delivery, and year of conception did not materially influence estimates of association ([Table 3](#t3-ehp-119-886){ref-type="table"}). For instance, fourth- versus first-quartile ORs were 0.88 (95% CI, 0.59--1.31) for CO exposure and 0.81 (95% CI, 0.49--1.34) for PM~2.5~ exposure in fully adjusted models. ORs for CO and PM~2.5~ exposures in the first and second trimesters and the last month of pregnancy were similar (data not shown). Multivariable linear regression analysis using gestational age at delivery as the outcome also produced similar results: We found no statistically significant or strong associations with exposures to either air pollutant (data not shown).

Analyses of models stratified by maternal age, parity, prepregnancy BMI, employment, and smoking or secondhand smoke exposure did not provide evidence that any of these characteristics modified associations between air pollutant exposures and either outcome (data not shown). CO--preeclampsia associations were robust to exclusion of women with prepregnancy diabetes (*n* = 105) or hypertension (*n* = 115; data not shown). We examined the sensitivity of our results to participants' residential values of environmental characteristics used as predictors in our air pollutant exposure models. A total of 1,930 women (55%) resided in an area at which one or more CO model predictors were outside the range observed at monitoring sites. Proportions for individual predictors were 7.9% for population density, 9.2% for street density, and 47.3% for distance to the nearest major road (only 0.1% lived \< 0.2 km from a major road; 47.2% lived \> 1.3 km). For 904 participants (25.8%), the street density measure used in the PM~2.5~ model was higher (24.2%) or lower (1.6%) than the range observed at monitoring sites. Associations between preeclampsia and air pollutant exposures were slightly stronger in the subset of women with no out-of-range model predictors. For example, the OR for a 0.1-ppm increase in periconceptional CO exposure was 1.10 (95% CI, 0.98--1.23) among 1,579 women with no out-of-range model predictors and 1.06 (95% CI, 0.99--1.12) among 1,930 women with one or more out-of-range predictors (ORs were adjusted for maternal characteristics and season but not year). Associations with preterm delivery also were similar between the two subgroups (data not shown). Finally, exclusion of the small proportion of women with predicted CO exposures outside the range of concentrations observed in the area (between 44 and 101 observations for each of the CO exposure windows) did not materially affect our results (data not shown).

Discussion
==========

We found little evidence of strong associations between either predicted CO or PM~2.5~ exposure and preterm delivery risk in this setting. Although point estimates suggested increased risk of preeclampsia associated with PM~2.5~ exposure, CIs were wide. We found statistically significant, positive associations between preeclampsia and CO in all examined exposure windows. However, these associations disappeared after adjustment for year of conception.

We debated whether adjustment for year of conception was appropriate when examining the association between CO exposure and preeclampsia. CO concentrations in the four counties studied here declined 70 ppb/year (95% CI, 63--77 ppb/year), on average, between 1996 and 2006. Regional concentrations of PM~2.5~ and other criteria air pollutants remained stable or declined much less markedly ([@b25-ehp-119-886]). The incidence of preeclampsia in our cohort declined over time independently of changes in maternal age, race/ethnicity, parity, prepregnancy BMI, and smoking history (adjusted decline in incidence, 5.3 cases/1,000 per year; 95% CI, 3.0--7.6/1,000 per year). No other covariate reported in [Table 1](#t1-ehp-119-886){ref-type="table"} explained the secular decrease in incidence (data not shown). Because we consistently applied ACOG criteria to medical record information rather than relying on physician diagnosis, changes in diagnostic criteria cannot explain the decline in incidence. If regional CO declines were causally related to declines in preeclampsia incidence, adjustment for year of conception would be inappropriate. However, we cannot discount the possibility that secular change in some other risk factor may explain the decline in preeclampsia incidence. Adjustment for calendar year showed that differences in CO exposures among participants who conceived in the same year were not associated with preeclampsia risk. However, year of conception and CO exposures were strongly correlated in this population. More than half (52%) of participants with fourth-quartile periconceptional CO exposure conceived in the first 3 years of the study, whereas 43% of those with first-quartile exposure conceived in the last 2 years. As previously described in detail, the CO model captured the fact that most CO variation in this setting was temporal rather than spatial ([@b31-ehp-119-886]). The lesser spatial CO variability limited our ability to examine spatial contrasts and may also explain the lack of association after adjustment for year of conception.

There have been few studies of preeclampsia in relation to air pollutant exposures. We previously reported suggestive but nonsignificant associations between CO and preeclampsia among the subset of 1,699 Omega Study participants who enrolled between 1996 and 2002 ([@b29-ehp-119-886]). The third- versus first-tertile periconceptional CO-adjusted OR was 1.73 (95% CI, 0.91--3.27), and PM~2.5~ exposures were not strongly related to preeclampsia. Similarly, [@b40-ehp-119-886] reported positive associations between nearest-monitor CO concentrations and preeclampsia in an analysis of approximately 2.3 million California residents delivering between 1996 and 2004 (fourth vs. first quartile: adjusted OR = 1.08; 95% CI, 1.02--1.13; quartile cut-points not reported). They adjusted this estimate of association for year, season, and other characteristics. They did not observe associations with PM~2.5~ exposures. [@b36-ehp-119-886] observed no association between residential proximity to traffic (a proxy of air pollutant exposure) and preeclampsia risk in 7,339 Rotterdam residents enrolled in a population-based cohort. Most recently, [@b41-ehp-119-886] reported that traffic-generated PM~2.5~ exposures predicted by dispersion models were significantly associated with increased preeclampsia risk \[fourth vs. first quartile: adjusted OR = 1.42; 95% CI, 1.26--1.59; mean (IQR) PM~2.5~ exposures, 1.82 (1.35) μg/m^3^\]. Traffic-generated nitrogen oxides were similarly associated (fourth vs. first quartile: adjusted OR = 1.33; 95% CI, 1.18--1.48). They did not examine CO exposures.

Given the similarities between preeclampsia and atherosclerotic cardiovascular disease ([@b16-ehp-119-886]), many of the hypothesized mechanisms by which air pollutants increase cardiovascular risk such as inflammation, oxidative stress, and endothelial dysfunction ([@b5-ehp-119-886]) may also apply to preeclampsia. Furthermore, hypoxia at the fetal--maternal interface secondary to impaired placentation has been hypothesized to cause dissemination of free radicals that trigger preeclampsia in susceptible women ([@b27-ehp-119-886]). Inhaled CO may also induce hypoxia because it displaces oxygen from hemoglobin, forming carboxyhemoglobin ([@b32-ehp-119-886]). Even fairly low maternal carboxyhemoglobin concentrations can reduce oxygen transfer across the placenta ([@b13-ehp-119-886]). We previously reported that maternal blood carboxyhemoglobin in early pregnancy was associated with preeclampsia risk among Omega participants, although only within the subgroup of women with prior live births (\> 1% vs. 0.7% carboxyhemoglobin: adjusted OR = 4.1; 95% CI, 1.3--12.9; parity interaction *p*-value = 0.01) ([@b30-ehp-119-886]). In contrast, the association we observed in the present study between CO and preeclampsia exposure was not modified by parity.

The literature on CO, PM~2.5~, and preterm delivery provides mixed results and no strong evidence of specific exposure windows ([@b4-ehp-119-886]; [@b8-ehp-119-886]; [@b19-ehp-119-886]; [@b24-ehp-119-886]; [@b26-ehp-119-886]; [@b41-ehp-119-886]; [@b42-ehp-119-886]). Two studies of the topic were conducted in Vancouver, British Columbia, an area with an airshed similar to that of the Puget Sound region ([@b4-ehp-119-886]; [@b19-ehp-119-886]). Among about 230,000 women delivering between 1987 and 1998, [@b19-ehp-119-886] observed increased preterm delivery associated with each 1.0-ppm increase in CO exposure in the last month of pregnancy (adjusted OR = 1.08; 95% CI, 1.01--1.15) but not the first month (adjusted OR = 0.95; 95% CI, 0.89--1.01).They estimated CO exposure as the average within the study region and did not examine PM~2.5~. [@b4-ehp-119-886] used inverse-distance weighting to predict CO and PM~2.5~ exposures for approximately 70,000 women delivering between 1999 and 2002. Each 1-μg/m^3^ increase in PM~2.5~ exposure over the entire pregnancy was associated with a 6% increase in the odds of preterm delivery (OR = 1.06; 95% CI, 1.01--1.11). CO exposure was not associated with delivery at \< 37 weeks of gestation but was associated with delivery at \< 30 weeks of gestation \[adjusted OR, per 100-μg/m^3^ (\~ 0.09 ppm) increase, 1.16; 95% CI, 1.01--1.33\]. They found no exposure windows of greater or lesser relevance.

We used prediction models containing month, year, and land use terms to capture both spatial and temporal variations in CO and PM~2.5~ exposures. A strength of these models was the opportunity they provided to examine multiple exposure windows for both outcomes. As measured by *R*^2^ statistics, these models performed similarly to others described in the literature ([@b3-ehp-119-886]; [@b7-ehp-119-886]; [@b11-ehp-119-886]; [@b22-ehp-119-886]). We relied on local air monitoring data in designing our models rather than collecting data for the purposes of this study. Although this approach is cost-effective and convenient, the monitoring sites may not have been optimally located for the purposes of individual exposure prediction. CO sites, particularly, were often closer to major roads or in denser areas than were many participants' residences. However, our results were robust to exclusion of women who lived in areas that differed substantially from monitoring sites with respect to model predictors.

We previously reported that our CO model--based exposure estimates were moderately correlated with contemporaneously measured whole-blood carboxyhemoglobin concentrations in this study population ([@b31-ehp-119-886]). There is no known biomarker of PM~2.5~ exposure, and because of budgetary constraints we were unable to validate our PM~2.5~ model against independently collected air quality measurements. The *R*^2^ for the PM~2.5~ model was lower than that for the CO model, primarily because year, traffic, and street density measures were less strongly predictive of PM~2.5~ than of CO. Research has shown that errors in air pollutant exposure estimates such as those used here have both Berkson-like and classical-like components, and that it is theoretically possible that these errors are biased away from the null ([@b34-ehp-119-886]). However, simulation studies using data from a network of a small number of monitors have found bias toward the null and wider CIs ([@b18-ehp-119-886]). Thus, we believe that limitations of our estimation method may have resulted in misclassification of PM~2.5~ and CO exposures toward the null. The misclassification of PM~2.5~ exposures may have masked associations with preeclampsia and preterm delivery. Errors and uncertainties in both CO and PM~2.5~ models may have also arisen from imprecision in geocoding, a limited number of locations (none of which were participants' locations), rounding of exposure windows to the nearest month (which also hampered our ability to differentiate among exposure windows), and inaccurate land use measures. Because we based exposures on self-reported residential address, errors may have also arisen if participants moved soon before or after the interview; longer exposure windows may have been more greatly affected by this source of misclassification. Although employment status, used as a rough surrogate for time spent at home, did not influence our findings, we were not able to capture exposures experienced at other locations and during commuting. Additionally, our models did not capture exposures arising from indoor sources, although we were able to evaluate self-reported secondhand smoke exposure as a potential confounder. If missing nonambient exposures were unrelated to ambient exposures, they are unlikely to have affected our estimates of association ([@b33-ehp-119-886]).

Most previous studies of air pollution and pregnancy outcomes have been based on birth registries or hospital databases ([@b4-ehp-119-886]; [@b8-ehp-119-886]; [@b19-ehp-119-886]; [@b24-ehp-119-886]; [@b26-ehp-119-886]; [@b39-ehp-119-886]; [@b41-ehp-119-886]; [@b42-ehp-119-886]), with at least two exceptions ([@b26-ehp-119-886]; [@b36-ehp-119-886]). Our ability to rely on data from an epidemiologic cohort was a significant strength, because we were able to evaluate many characteristics that would not have been available from birth records as potential confounders and effect modifiers. Furthermore, abstraction of medical record data to determine outcomes strengthened our study by precluding limitations arising from inaccuracies in gestational age and underreporting of preeclampsia in birth records ([@b20-ehp-119-886]; [@b21-ehp-119-886]). However, reliance on cohort data resulted in fewer outcomes and less precise estimates than we would have been able to obtain with a larger regional registry. Because of limited medical record data on preeclampsia severity, we could not evaluate the relationships between preeclampsia severity or gestational age at onset and air pollutant exposures. However, in post hoc analyses we observed that associations were similar between preeclampsia associated with term delivery (*n* = 72) and preeclampsia associated with preterm delivery (*n* = 45; data not shown). The Omega Study's high participation and retention rates reduced the likelihood that selection bias and missing data influenced our estimates of association. Study participants had higher income and educational attainment, on average, than did Washington State pregnant women ([@b28-ehp-119-886]). Participants were also more likely to be white and non-Hispanic. Therefore, these results may not be generalizable to other demographic groups, particularly those with higher risks of these outcomes.

Although CO concentrations were quite high at the start of the study period (the region attained U.S. EPA compliance in 1996), they declined rapidly. PM~2.5~ concentrations were moderate compared with other U.S. cities; most of the region was in compliance with the current U.S. EPA standard throughout the study period ([@b25-ehp-119-886]). These results may not be generalizable to women living in areas with markedly different air pollutant concentrations. Future studies of these outcomes in high-pollutant settings would be useful contributions to the literature.

Conclusions
===========

We found strong positive associations between CO and preeclampsia risk. Because both factors declined during the study period, we cannot exclude the possibility that secular changes in a preeclampsia risk factor unidentified in this study may explain the association. Our results do not provide evidence that PM~2.5~ and CO strongly influence risks of preterm delivery and preeclampsia among western Washington State women.

Supplemental Material is available online (doi:10.1289/ehp.1002947 via <http://dx.doi.org/>).
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###### 

Distributions of selected characteristics and estimated periconceptional CO and PM~2.5~ exposures: Seattle and Tacoma, Washington, 1996--2006 (*n* = 3,509).

                                                                                              Median (IQR)        
  ---------------------------------------------------------------------------- -------------- ------------------- -------------------
  Age (years)                                                                                                     
   ≤ 20                                                                        39 (1.1)       0.94 (0.83--1.22)   10.2 (8.7--11.8)
   21--34                                                                      2,293 (66.4)   0.82 (0.61--1.04)   10.1 (8.7--11.4)
   35--39                                                                      966 (27.5)     0.75 (0.54--0.96)   10.2 (9.0--11.5)
   ≥ 40                                                                        211 (6.0)      0.77 (0.55--1.02)   10.0 (8.6--11.2)
                                                                                                                  
  Parity                                                                                                          
   Nulliparous                                                                 2,087 (59.5)   0.85 (0.64--1.08)   10.1 (8.7--11.4)
   Parous                                                                      1,422 (40.5)   0.73 (0.55--0.94)   10.2 (8.7--11.5)
                                                                                                                  
  Prepregnancy BMI (kg/m^2^)                                                                                      
   \< 18.5                                                                     146 (4.2)      0.80 (0.60--1.02)   10.2 (9.0--11.6)
   18.5--24.9                                                                  2,455 (69.9)   0.81 (0.59--1.02)   10.1 (8.7--11.4)
   25.0--29.9                                                                  586 (16.7)     0.80 (0.57--1.01)   10.1 (8.7--11.5)
   ≥ 30.0                                                                      322 (9.2)      0.81 (0.60--1.09)   10.2 (8.8--11.5)
                                                                                                                  
  Race/ethnicity                                                                                                  
   Non-Hispanic white                                                          3,012 (85.8)   0.79 (0.59--1.02)   10.1 (8.7--11.5)
   Non-Hispanic black                                                          72 (2.1)       0.91 (0.73--1.11)   10.7 (8.8--11.8)
   Hispanic                                                                    63 (1.8)       0.97 (0.78--1.10)   10.2 (8.8--11.0)
   Asian/Pacific Islander                                                      262 (7.5)      0.82 (0.59--1.01)   10.2 (9.0--11.4)
   Other                                                                       100 (2.8)      0.76 (0.56--1.01)   9.8 (8.6--11.1)
                                                                                                                  
  Education[a](#tfn1-ehp-119-886){ref-type="table-fn"}                                                            
   High school                                                                 126 (3.8)      0.85 (0.67--1.10)   10.5 (6.9--11.7)
   Vocational or some college                                                  494 (14.9)     0.86 (0.63--1.10)   10.2 (8.8--11.6)
   Completed college                                                           1,594 (47.9)   0.79 (0.60--1.01)   10.2 (8.8--11.3)
   Postgraduate                                                                1,115 (33.5)   0.79 (0.58--1.02)   10.0 (8.6--11.3)
                                                                                                                  
  Employed during pregnancy[a](#tfn1-ehp-119-886){ref-type="table-fn"}                                            
   Yes                                                                         2,717 (82.0)   0.82 (0.61--1.05)   10.1 (8.7--11.4)
   No                                                                          599 (18.0)     0.78 (0.57--0.97)   10.3 (8.8--11.6)
                                                                                                                  
  Marital status[a](#tfn1-ehp-119-886){ref-type="table-fn"}                                                       
   Married/living as married                                                   3,295 (93.9)   0.79 (0.59--1.01)   10.1 (8.7--11.4)
   Unmarried                                                                   214 (6.1)      0.89 (0.67--1.19)   10.3 (8.6--11.6)
                                                                                                                  
  Annual household income (US\$)[a](#tfn1-ehp-119-886){ref-type="table-fn"}                                       
   \< 30,000                                                                   102 (3.2)      0.98 (0.77--1.21)   10.4 (8.6--11.6)
   31,000--69,999                                                              645 (20.0)     0.92 (0.69--1.13)   10.2 (8.7--11.4)
   ≥ 70,000                                                                    2,473 (76.8)   0.77 (0.58--0.99)   10.1 (8.9--11.4)
                                                                                                                  
  Smoking status[a](#tfn1-ehp-119-886){ref-type="table-fn"}                                                       
   Never                                                                       2,394 (72.1)   0.81 (0.60--1.02)   10.1 (8.7--11.4)
   Before pregnancy                                                            732 (22.1)     0.78 (0.60--1.05)   10.2 (8.7--11.5)
   Before and during pregnancy                                                 194 (5.8)      0.88 (0.62--1.12)   10.3 (8.8--11.3)
                                                                                                                  
  Usual hours/week of secondhand smoke exposure in the year before pregnancy                                      
   None                                                                        2,491 (71.0)   0.76 (0.56--0.96)   10.2 (8.8--11.5)
   \< 7                                                                        918 (26.2)     0.93 (0.70--1.13)   10.0 (8.6--11.4)
   ≥ 7                                                                         100 (2.8)      1.06 (0.88--1.25)   10.7 (9.4--11.7)
                                                                                                                  
  Year of conception                                                                                              
   1996--1999                                                                  745 (21.2)     1.10 (0.93--1.28)   9.9 (8.3--11.4)
   2000--2002                                                                  1,214 (34.6)   0.85 (0.68--1.04)   10.2 (8.6--11.3)
   2003--2004                                                                  821 (23.4)     0.66 (0.50--0.83)   10.5 (9.2--11.8)
   2005--2006                                                                  729 (20.8)     0.59 (0.40--0.76)   9.9 (8.8--11.4)
                                                                                                                  
  Season of conception                                                                                            
   Winter (Dec--Feb)                                                           859 (24.5)     0.91 (0.72--1.12)   11.7 (11.2--12.5)
   Spring (Mar--May)                                                           878 (25.0)     0.72 (0.51--0.95)   9.3 (8.5--10.1)
   Summer (June--Aug)                                                          923 (26.3)     0.71 (0.48--0.89)   8.4 (7.7--9.3)
   Autumn (Sept--Nov)                                                          849 (24.2)     0.88 (0.67--1.08)   10.9 (10.1--11.7)

Numbers in subgroups do not equal overall number because of missing data.

###### 

Associations between periconceptional air pollutant exposures[a](#tfn2-ehp-119-886){ref-type="table-fn"} and preeclampsia.

                                                OR (95% CI)                             
  ------------------------------------ -------- ------------------- ------------------- -------------------
  Periconceptional CO                                                                   
  Categorized by quartiles (ppm)                                                        
   0.09--0.59                          21/878   1.00 (Referent)     1.00 (Referent)     1.00 (Referent)
   0.60--0.80                          27/877   1.30 (0.73--2.31)   1.44 (0.79--2.62)   1.04 (0.55--1.96)
   0.81--1.02                          30/877   1.45 (0.82--2.54)   1.65 (0.91--3.00)   0.86 (0.42--1.75)
   1.03--3.73                          39/877   1.90 (1.11--3.26)   2.08 (1.16--3.72)   0.75 (0.42--1.64)
   Per 0.1-ppm increase                         1.07 (1.02--1.12)   1.07 (1.02--1.13)   0.98 (0.91--1.06)
                                                                                        
  Periconceptional PM~2.5~                                                              
  Categorized by quartiles (μg/m^3^)                                                    
   5.9--8.7                            31/878   1.00 (Referent)     1.00 (Referent)     1.00 (Referent)
   8.8--10.1                           24/877   0.77 (0.45--1.32)   0.79 (0.45--1.39)   0.78 (0.43--1.41)
   10.2--11.4                          32/882   1.03 (0.62--1.70)   1.50 (0.80--2.81)   1.38 (0.71--2.70)
   11.5--15.1                          30/872   0.97 (0.58--1.62)   1.63 (0.79--3.38)   1.41 (0.63--3.18)
   Per 0.5-μg/m^3^ increase                     1.00 (0.94--1.05)   1.04 (0.95--1.12)   1.02 (0.93--1.12)

Average of the estimated monthly average concentrations in the 7 calendar months surrounding conception.

Model 2 was adjusted for age (\< 20, 21--35, ≥ 35 years), race/ethnicity (white, black, Hispanic, other), nulliparity (yes/no), prepregnancy BMI (\< 20, 20--24.9, 25--29.9, ≥ 30 kg/m^2^), smoking history (never, before pregnancy only, during early pregnancy), and season of conception.

Model 3 was adjusted for model 2 covariates and year of conception (indicator terms).

###### 

Associations between air pollutant exposures in the last 3 months of pregnancy and preterm delivery.

                                                        OR (95% CI)                             
  ------------------------------------------- --------- ------------------- ------------------- -------------------
  CO in the last 3 months of pregnancy                                                          
  Categorized by quartiles (ppm)                                                                
   0.03--0.57                                 87/878    1.00 (Referent)     1.00 (Referent)     1.00 (Referent)
   0.58--0.79                                 92/877    1.07 (0.78--1.45)   1.00 (0.73--1.38)   0.99 (0.72--1.37)
   0.80--1.04                                 100/877   1.17 (0.86--1.59)   1.08 (0.78--1.49)   1.08 (0.77--1.53)
   1.05--3.77                                 90/877    1.04 (0.76--1.42)   0.89 (0.63--1.26)   0.88 (0.59--1.31)
   Per 0.1-ppm increase                                 1.00 (0.97--1.03)   0.98 (0.94--1.01)   0.97 (0.93--1.01)
                                                                                                
  PM~2.5~ in the last 3 months of pregnancy                                                     
  Categorized by quartiles (μg/m^3^)                                                            
   5.2--7.9                                   80/878    1.00 (Referent)     1.00 (Referent)     1.00 (Referent)
   8.0--9.9                                   94/877    1.01 (0.88--1.65)   1.19 (0.85--1.66)   1.21 (0.86--1.70)
   10.0--12.6                                 102/882   1.32 (0.97--1.80)   1.14 (0.77--1.68)   1.14 (0.76--1.70)
   12.7--17.2                                 93/872    1.19 (0.87--1.63)   0.83 (0.52--1.34)   0.81 (0.49--1.34)
   Per 0.5-μg/m^3^ increase                             1.01 (0.99--1.03)   0.99 (0.96--1.02)   0.97 (0.91--1.04)

Model 2 was adjusted for age (\< 20, 21--35, ≥ 35 years), race/ethnicity (white, black, Hispanic, other), nulliparity (yes/no), prepregnancy BMI (\< 20, 20--24.9, 25--29.9, ≥ 30 kg/m^2^), smoking history (never, before pregnancy only, during early pregnancy), and season of conception.

Model 3 was adjusted for model 2 covariates and year of conception (indicator terms).
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